I. INTRODUCTION
In the Kondo effect, the antiferromagnetic coupling between itinerant electrons and localized spins results in the screening of the impurity spins, manifesting in the anomalous resistance upturn at low temperatures. 1, 2 During the past a few decades, the research efforts have been providing insights on the intriguing physics of strongly correlated electron systems such as heavy-fermion compounds and high-T c superconductors. Although the Kondo effect was first discovered in normal metals containing minute amounts of magnetic impurities, 3 recent experiments suggest its existence in several oxide-and carbon-based materials, including doped TiO 2 thin films, 4 ,5 SrTiO 3 , 6 and graphene. 7 These discoveries challenge the theoretical models which were originally developed to describe classic Kondo systems like Fe impurities in Au thin films. To develop a realistic model, multiple effects like orbital structure, Hund's coupling, and electron hybridization must be considered collectively. In terms of systems which manifest Kondo physics, it is noteworthy that so far there has been no report on the Kondo effect in zinc oxide (ZnO), a prototypical wide-band-gap oxide with prominent optical and electrical properties. Furthermore, because the spin-flip scattering of conduction electrons by dilute magnetic impurities is strongly dependent on the carrier concentration in the conduction band, the Kondo effect can potentially be tuned electrostatically in a field-effect transistor (FET). An important advantage of such research is that in a FET the charge-carrier density can be modulated without introducing chemical or structural disorder. 8 However, for the conventional metaloxide-semiconductor field-effect transistors (MOSFET), the breakdown of gate dielectrics limits the maximum sheet carrier density that can be induced (usually <10 13 cm −2 ), 9 which calls for novel materials and device architectures.
Here, we demonstrate the presence of the Kondo effect in a rare-earth-doped wide-band-gap oxide, i.e., Gd-doped ZnO, which is metallic and paramagnetic. Gd doping allegedly induces colossal magnetic moments in GaN, a well-studied wide-band-gap semiconductor. 10 A recent theoretical study predicts a Kondo-like resonance, namely, a narrow resonant f band near the Fermi level in Eu-doped ZnO. 11 Furthermore, we show that the Kondo behavior in Gd-doped ZnO can be electrostatically tuned in an electric-double-layer transistor (EDLT) using an ionic gel electrolyte. Although the 4f electrons of rare-earth elements are localized, our results suggest a strong correlation between their high orbital moments with the itinerant carriers, and the resulting Kondo effect can be tailored by the high-density electron accumulation.
II. EXPERIMENT
We synthesized undoped, 1.0, 1.8, and 3.4 at. % Gddoped ZnO films with thickness of about 80 nm on a-plane single-crystal sapphire substrates using pulsed laser deposition (PLD). The synthesis procedures are similar to our previous reports on doped ZnO films. [12] [13] [14] [15] [16] [17] [18] [19] [20] During the growth process, the substrate temperature was fixed at 450
• C, and the laser repetition rate was 2 Hz. The oxygen pressure was maintained at 1 × 10 −4 and 4 × 10 −4 Pa for the undoped and the Gd-doped ZnO films, respectively.
We first checked the structural properties of the Gd-doped ZnO films using x-ray diffraction (XRD). Figure 1(a) shows the XRD patterns of the pure and Gd-doped ZnO thin films. All films present the wurtzite structure with a (002) preferential orientation and no impurity phase is observed. The enlarged view of the ZnO (002) diffraction peaks is shown in Fig. 1(b) . A shift of the diffraction peaks to low angles indicates that the c-axis lattice constant increases with the Gd concentration. Figure 1(c) shows the Gd-concentration dependence of the out-of-plane strain obtained from both the XRD data and the first-principles calculation. Clearly, the tensile strain in the c axis increases with the Gd concentration, which results from the larger atom radius of the Gd ions compared to that of the Zn ions. In addition, we characterized the Gd-doped ZnO films using x-ray photoelectron spectroscopy, optical absorption, and photoluminescence techniques. 21 In our field effect experiments, we used the undoped and the 1.8 at. % Gd-doped ZnO as channels in EDLT devices. Recently, as a result of its capability to generate enormous electrical fields, EDLT has been extensively used to discover and modulate novel physical properties. [22] [23] [24] [25] [26] [27] [28] To form the channel, we used a shadow mask with the Hall-bar pattern during the film deposition, and the configuration of the planar device is shown in Fig. 2(a) . Indium metal served as the ohmic contact to the patterned films. To avoid excessive leakage current, we used resin to isolate the electrodes and wirings from the electrolyte [electrolyte, N, N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI)]. We also made devices with other Gd doping levels, but found that the tuning is much weaker when the Gd levels and the resulting conductivity are too high. A drop of ionic liquid electrolyte, DEME-TFSI, covers the channel and the gate electrode. As shown in the schematic in Fig. 2(b) , the field-induced drift and distribution of cations, (CH 3 CH 2 ) 2 (CH 2 CH 2 OCH 3 )CH 3 N + (DEME), and anions, (CF 3 SO 2 ) 2 N − (TFSI), accomplish the electrostatic gating.
The transport measurements at various gate voltages (V G ) were conducted in a physical properties measurement system (PPMS, Quantum Design). A Keithley 4200 semiconductor characterization system was used to collect the current-voltage and capacitance data. Because the ionic liquid is frozen at ∼195 K, we first applied V G at 230 K for 30 min to accumulate the carriers at the channel and then collected the resistance vs temperature (R-T) data during cooling down. Before switching to a different V G , the device was warmed up to 230 K.
In the superconducting quantum interference device (SQUID) magnetometer measurements, the diamagnetic backgrounds of the sapphire substrates were carefully calibrated and subtracted from the raw data. Polarized x-ray-absorption spectrum (XAS) and x-ray magnetic circular dichroism (XMCD) measurements at the Gd M 4,5 edge (transitions from 3d 10 4f 7 to 3d 9 4f 8 ) were carried out under a magnetic field of 4 T at the WERA beamline in ANKA, Kalsruhe Institute Technology University (KIT), Germany.
In the first-principles density functional (DFT) calculations, we used the VASP code 29, 30 with the projector augmented wave (PAW) potentials for the electronic interaction and the generalized gradient approximation (GGA) for the electron exchange and correlation. 31, 32 The cutoff energy for the plane-wave basis set is 400 eV. We constructed a 72-atom 3 × 3 × 2 supercell with the wurtzite structure. To simulate the Gd-doped ZnO, two nearest-neighbor Zn atoms are substituted by Gd atoms in the supercell (Gd 2 Zn 34 O 36 ), corresponding to a Gd concentration of 2.8 at. %. For the Brillouin-zone integration, a 3 × 3 × 3 Monkhorst-Pack k-point mesh was used; a more refined (8 × 8 × 8) k-point mesh was used for the density-of-states (DOS) calculations. In the calculations, all the atoms are allowed to relax until the Hellmann-Feynman forces acting on them become less than 0.01 eV/Å.
III. RESULTS AND DISCUSSION
Figures 2(c) and 2(d) show the temperature-dependent resistance data measured in undoped and Gd-doped ZnO EDLTs. Due to the electron accumulation, the resistance of the n-type channel decreases as V G crosses over from negative to positive. We measured 12 devices and observed reproducible behaviors. Furthermore, the zero-gate R-T curve measured at the end of the sequence almost completely overlaps with the pristine one, suggesting that the resistance modulation originates from electrostatic charge accumulation rather than electrochemical reaction. 33 For the undoped ZnO EDLT, the R-T curve illustrates a semiconductor behavior and the resistance can be tuned about two orders of magnitude as V G varies from 0 to 2 V [ Fig. 2(c) ]. On the other hand, Gd-doped ZnO shows a metallic behavior with its resistance being four orders smaller than that of undoped one [ Fig. 2(d)] , and an upturn of resistance was observed at low temperatures. 34 Gd ions are known to introduce magnetic moments in the host, so we hypothesize that the magnetism plays a role in transport. Recently, there have been intense interest on doping ZnO with transition-metal and rare-earth elements to activate the magnetic degrees of freedom, 35, 36 but open questions remain regarding the interaction between itinerant carriers and local magnetic moments.
Although both the Kondo effect and weak localization effect can lead to resistance minimum and upturn at low temperature, weak localization effect exhibits resistance divergence, 37 which differs from the characteristics of the Kondo effect. 38 In Fig. 3(a) , the temperature-dependent resistance data at V G = 0 show saturating upturn at T < 5 K, indicating that Kondo scattering dominates the transport in Gd-doped ZnO. We can describe the temperature-dependent resistance as
where R 0 is the residual resistance, and the second and the third terms represent the contributions of electron-electron and electron-phonon interactions, respectively. In the last term,
1/2 , where T K is the Kondo temperature and s = 0.225 according to the result obtained from the numerical renormalization-group (NRG) theory. 39, 40 The fitting result using Eq. (1) is shown in Fig. 3(a) and the obtained fitting parameters are R 0 = 17.07 , q = 1.01 × 10
As shown in Fig. 2(d) , the gate voltage has a clear modulation effect on the channel transport. Since the empirical temperature-dependent Kondo resistance,
can describe the universal behavior, 39 we scaled the R(T ) curves obtained with various V G values to a normalized form. Figure 3(b) shows the plot of scaled resistance
The experimental data fit well to the universal Kondo behavior at T <T K , and at high temperatures the deviation with respect to the NRG result can be attributed to the phonon scattering.
It is well established that the Kondo resistance upturn can be suppressed by a magnetic field [ Fig. 3(c) ], which was reported previously for dilute magnetic Kondo alloys. 41 The strength of resistance upturn, as represented by R(T ) − R(10 K) in the inset of Fig. 3(c) , is significantly reduced as the applied magnetic field increases. The resistance minimum also shifts to lower temperatures. A negative magnetoresistance was observed at temperatures below the Kondo temperature [ Fig. 3(d) ], which can be attributed to the splitting of the Kondo peak in the spectral density by the applied magnetic field and the subsequent suppression of Kondo effect in transport. 42 Since the Kondo temperature for the Gd-doped ZnO film is 22 K, its energy scale k B T K corresponds to a magnetic field of ∼32 T. This field is much larger than the magnetic fields applied in our experiments; consequently, we did not observe the complete collapse of the Kondo effect.
We now address the origin of the localized magnetic moments in Gd-doped ZnO which are responsible for the scattering of conduction electrons in the Kondo effect. Figure 4(a) shows the temperature-dependent magnetization (M-T curve) of the 1.8 at. % Gd-doped ZnO film measured under an applied magnetic field of 1000 Oe in both the zero-field-cooled (ZFC) and the field-cooled (FC) modes. The overlap of the ZFC and FC data in the whole temperature range and the good fit to the Cure-Weiss law suggest a paramagnetic nature of Gd-doped ZnO. The magnetization versus magnetic field (M-H) curve measured at 5 K [inset of Fig. 4(a) ] shows no hysteresis, in line with the paramagnetism. Furthermore, XMCD data measured at 300 K [ Fig. 4(b) ] confirms that there is no exchange interaction between the Gd ions, which is consistent with the previous reports. 43 The absence of ferromagnetism in Gd-doped ZnO is in contrast with the previous report of a strong ferromagnetic order in another rare-earth-doped oxide, i.e., Nd-doped ZnO nanowires. 44 To understand the band structure of Gd-doped ZnO, we carried out first-principles DFT calculations. Figure 4(c) shows the calculated total and partial spin-resolved density of states of the Gd 2 Zn 34 O 36 system. There is a significant spin splitting in the conduction band, which is contributed by the Gd-4f states. Furthermore, we obtained a magnetic moment of 6.5μ B for each Gd ion, providing evidence for the high magnetic moments in the Kondo scattering of delocalized electrons. The calculated energy difference between the antiferromagnetic and the ferromagnetic states, or E AFM−FM , is only 0.6 meV, indicating that a stable ferromagnetic order cannot established, which is consistent with the experimentally observed paramagnetism. In addition, the Fermi level lies in the conduction band and close to the Gd-f states, suggesting a strong interaction between the conducting electrons and the magnetic moments of Gd-f orbital. 45 It is also noteworthy that a resistance upturn at low temperatures was also observed in ZnO thin films doped with nonmagnetic Ga ions. 46 But in that case, a linear variation of conductivity with √ T below the metal-insulator transition suggests that the degenerate electrons are in the weak localization regime. This further underscores the dispensable role of rare-earth Gd ions with f electrons in producing the Kondo effect in the ZnO host.
Next we address the effect of electrostatic gating on the Kondo effect in the EDLT. As shown in Fig. 5(a) , the resistance minimum (T min ) gradually shifts to high temperatures as the gate voltage V G increases, indicating an enhanced Kondo scattering at higher carrier densities. The magnitude of the resistance upturn, described by R(4 K) − R min , also becomes substantially larger at higher V G . The shift of the Kondo temperature and the magnitude of resistance upturn as a function of V G are summarized in Fig. 5(b) . The Kondo temperature T K , below which the impurity spins become screened and a Fermi liquid develops, has the following relationship with the density of states at the Fermi level D(E F ):
where k B is the Boltzmann's constant and J > 0 is the antiferromagnetic coupling constant. 2 Accordingly, the gateinduced electron accumulation in the Gd-doped ZnO channel enhances D(E F ), and as a result T K increases.
It is noteworthy that the Kondo resistance of R(4 K) − R min show a V G -dependent trend opposite to the conventional metal-insulator transition in a disordered system where a higher carrier concentration would promote the metallic state and suppress the resistance upturn. Furthermore, fitting to the three-dimensional form of electron-electron interaction (EEI) allowed us to exclude it as the origin of quantum correction to the conductivity of Gd-doped ZnO. The contributions to the conductivity due to the EEI in the three-dimensional (3D) regime can be expressed as 37, 47 σ ee = − 0.46
where F σ is the correction factor, l is temperature-independent cutoff length, L T is the thermal diffusion length which can be expressed as L T = (hD/k B T ) 1/2 with D as the diffusion constant. Figure 6 shows the temperature-dependent conductivity of the EDLT with the 1.8% Gd-doped ZnO channel, and it is clear that Eq. (3) does not present a satisfactory fitting to the experimental data. Therefore, we can conclude that the Kondo effect is a more suitable scenario to describe the low-temperature transport character in Gd-doped ZnO. Figure 7 (a) shows the temperature-dependent sheet carrier density n sheet measured by the Hall effect. In Gd-doped ZnO, n sheet is about 1.7 × 10 16 cm −2 . The dependence of n sheet on V G verifies the carrier modulation by the gate voltages. The magnitude of modulation n sheet is close to 10 14 cm −2 , which is consistent with the results of capacitance measurements performed on the EDLT devices. 48 On the other hand, the Hall mobility μ in Fig. 7(b) shows a much weaker dependence on V G . As the temperature goes down, the Hall mobility first increases up to T K and then decreases, indicating that the phonon scattering and the Kondo scattering dominate the high and low temperature regimes, respectively. These observations of carrier dependence put constraint on the theoretical models in describing the Kondo physics in rare-earth-doped wideband-gap oxides.
IV. CONCLUSIONS
Unlike the paramagnetic metals imbedded with magnetic impurities where the Kondo effect was originally discovered more than half a century ago, ZnO is not a conventional material for manifesting the Kondo physics. However, by doping Gd ions with high magnetic moments, our work unambiguously added ZnO as a new member to the family of Kondo materials. In a broad perspective, doping rare-earth elements with localized orbital moments and introducing indirect exchange interactions could be a reliable approach to induce the Kondo effect in wide-band-gap oxides and to explore the many-body physics with short-range Coulomb interactions. Furthermore, as we demonstrated here, the ability to tune the Kondo effect electrostatically in an EDLT without introducing any chemical disorder will open doors toward investigating the emergent physics between itinerant carriers and local magnetic moments in strongly correlated electron systems.
